Abstract By thermal evaporation of pure ZnO powders, high-density vertical-aligned ZnO nanorod arrays with diameter ranged in 80-250 nm were successfully synthesized on Si substrates covered with ZnO seed layers. It was revealed that the morphology, orientation, crystal, and optical quality of the ZnO nanorod arrays highly depend on the crystal quality of ZnO seed layers, which was confirmed by the characterizations of field-emission scanning electron microscopy, X-ray diffraction, transmission electron microscopy, and photoluminescence measurements. For ZnO seed layer with wurtzite structure, the ZnO nanorods grew exactly normal to the substrate with perfect wurtzite structure, strong near-band-edge emission, and neglectable deep-level emission. The nanorods synthesized on the polycrystalline ZnO seed layer presented random orientation, wide diameter, and weak deep-level emission. This article provides a C-free and Au-free method for large-scale synthesis of vertical-aligned ZnO nanorod arrays by controlling the crystal quality of the seed layer.
Introduction
In the recent years, quasi-one-dimensional (1D) ZnO nanostructures such as nanopores, [1] nanowires, [2] nanobelts [3] , and nanorods [4] have attracted great interest due to their unique electrical and photonic properties for potential applications in chemical sensors, optoelectronics, and field-effect transistors. Thanks to the high surfacevolume ratio, controllability of the nucleation position, and superior ultraviolet lasing and photoluminescence (PL) property of ZnO nanorods or nanoarrays [5] [6] [7] , the realization of vertically well-aligned 1D ZnO nanorods is very important for its application in nanoscale light-emitting diodes (LEDs), nanosensors, and field emitters [8] [9] [10] [11] . In order to fabricate ZnO nanorods, various methods including thermal evaporation [12] [13] [14] [15] , chemical vapor deposition [16] , metal organic chemical vapor deposition (MOCVD) [17, 18] , and solution-based methods have been used [19] . Among the numerous researches on the synthesis and properties of ZnO nanorods, uniform ZnO nanorod arrays have been successfully prepared on sapphire substrates by Au-catalyzed vapor-liquid-solid (VLS) growth with or without the use of GaN template [5, 20] . However, Au impurities will be unavoidably left on the tip of the nanorods after the growth [21] , which is detrimental to device performance. In addition, the insulating and expensive sapphire substrate is also disadvantageous for the integration of nanorod arrays with the current primary stream of the Si-based device technology. At the same time, using ZnO film as seed layer, vertical-aligned ZnO nanorods have been grown on silicon substrate by thermal evaporation of ZnO-C powder mixture [13] [14] [15] . Since the type of such nanorods growth is dominated by the carbothermal reduction of ZnO-C powder mixture [15] , the introduction of C atoms will possibly bring adverse effect on nanorods application in device integration. Furthermore, this type of nanorods growth usually needs a relatively high ramp rate of furnace temperature (e.g., 25°C/min) to obtain a high Zn saturation pressure [13] , and even much higher ramp rate (e.g., 75°C/min) has to be satisfied in order to increase the spacing between the nanorods [15] . It is well known that there is a big difference in the thermal expansion coefficients as well as the big lattice mismatch between Si (2.56 9 10 -6 K -1 ) and ZnO (4.75 9 10 -6 K -1 ) [22] , such high ramp rate is not good for the relaxation of the thermal strain in the underlying ZnO film, which can accelerate the generation of structure defects or even cracks [23] , and then greatly affects the properties of the upper nanorods. Therefore, new techniques are required in order to obtain vertical-aligned ZnO nanorods on Si substrate. On the other hand, although ZnO seed layer is very important for the nucleation and growth of ZnO nanorods or nanoarrays [19, [24] [25] [26] , there is very little literature about the influence of ZnO seed layer quality on the orientation, morphology, crystal, and optical quality of the upper ZnO nanorods grown by thermal evaporation method.
In this article, a catalyst and carbon-free evaporation method was demonstrated to synthesize high-density wellaligned ZnO nanorod arrays on Si(100) substrates predeposited by ZnO seed layers with different crystal quality and morphology. A low rate was adopted during the ramping and cooling of the furnace considering the large difference in the thermal expansion coefficient of Si and ZnO. It was found that the nanorod arrays grown on the ZnO films with better crystal quality have vertical orientation as well as better optical and crystal quality. This method not only provides a very easy way for the largescale synthesis of nanorod arrays on semiconductor substrates, but also avoids the introduction of the impurities caused by metal catalysts or carbon.
Experimental Details
Two ZnO film templates (a and b) were prepared by RF sputtering and pulsed laser deposition (PLD) on Si(100) substrates for the deposition of ZnO nanorod arrays, respectively. High-purity ZnO powder (4 N) was put into an alumina crucible placed at the center of an alumina tube furnace (U6.0 9 100 cm). The ZnO/Si(100) substrates were placed at 24 cm away from the evaporation source in the alumina tube. After being purged by high-purity Ar for 30 min, the furnace temperature was raised to 800°C with a rate of 10°C/min under a constant Ar flow of 60 sccm. After the furnace was maintained at 800°C for 30 min, it was heated to 1,400°C within 120 min and maintained at 1,400°C for the evaporation of ZnO onto prior ZnO/Si template for 90 min, during which the pressure was kept within 0.025-0.03 MPa. Then the furnace was cooled down with a rate of 5°C/min. The substrates were taken out the furnace after it was cooled down to room temperature, and a white wax-like layer can be clearly seen deposited onto the substrates.
The morphology and crystal quality of the ZnO nanorod arrays and the pre-deposited ZnO films were investigated by field-emission scanning electron microscopy (FE-SEM, JEOL JSM-6700F) and X-ray diffraction (XRD, Brukers D8) measurements. Further microstructure information was studied by a high-resolution transmission electron microscopy (HRTEM, Tecnai G20). The optical property of the the ZnO nanorod arrays was examined by PL measurements executed at room temperature using He-Cd laser (325 nm) as excitation source. Figure 1a shows the cross-sectional FE-SEM images of the ZnO nanorod arrays synthesized on ZnO films prepared by RF sputtering. It can be clearly seen that most of the nanorods grow upward with various angles \45°off the normal direction of the substrate surface with a uniform height and diameter of about 5.5 and 1.5 lm, respectively. It is very strange that several nanorods lie on the substrate very randomly. To judge whether the fallen nanorods is due to SEM sample preparation, an SEM analysis was done from a top view (as shown by the inset) which avoids possible destruction by foreign force used in the sample preparation. As shown in the inset picture, the nanorods stand on the substrates instead of lying on the substrate, which indicates that the fallen nanorods shown in Fig. 1a are likely to be caused by the SEM sample preparation. Moreover, the nanorods crystal has a typical prismatic shape with pencil-like end top. Figure 1b and the inset show the cross-sectional FE-SEM images and an enlarged view of the ZnO nanorod arrays synthesized on ZnO films prepared by PLD, respectively. High-density ZnO nanorod arrays can be observed exactly along the normal direction of the substrate surface. In addition, the length and diameter of the ZnO nanorods are in the range of 2-4 lm and 80-250 nm, respectively, and the average diameter is about 150 nm. Comparing the above two types of ZnO nanorods, it is obviously that the nanorod arrays grown on the ZnO film prepared by PLD have better vertical orientation and much smaller average rod diameter than those on the ZnO film prepared by RF sputtering. Figure 2a and b shows the XRD results of the nanorods synthesized on the two films. For the ZnO nanorods on the ZnO film prepared by RF sputtering, besides the sharp ZnO (0002) diffraction peak around 34.41°, ZnO ð10 " 11Þ; ð10 " 12Þ; ð10 " 13Þ diffraction peaks can also be detected.
Results and Discussion
While only a sharp ZnO (0002) diffraction peak can be observed in Fig. 2b , its suggesting that the nanorods have a pure wurtzite structure, which also indicates that the degree of orientation of the nanorods on the film prepared by PLD is much higher than those on the film prepared by RF sputtering. As the nanorods in Fig. 1b grown along the normal direction of the substrate surface, the XRD result strongly suggests that the growth direction of the nanorods on the ZnO films prepared by PLD is along ZnO [0001]. Moreover, since neither catalysts nor carbon were used in our synthesis process, no impurity was detected in the XRD measurement.
More detailed structure of the ZnO nanorod on the ZnO seed layer prepared by PLD was further investigated using TEM. Figure 3 shows a low-resolution (LR-TEM) image, HRTEM image, and selected area electron diffraction (SAED) pattern of a single ZnO nanorod, which was washed off from the as-prepared product. It is clear that the ZnO nanorod is very straight with an extremely uniform diameter of about 150 nm in accordance to the FE-SEM observation. Both the SAED pattern and HRTEM picture strongly suggest that the nanorod has a single-domain wurtzite structure with high crystal quality. The HRTEM picture also shows that the lattice distance along the arrow is about 0.52 nm, well consistent with that along c-axis of bulk wurtzite ZnO crystal [27] . As the SAED pattern and HRTEM picture were taken from the circled area in the ZnO nanorod, and the incidence angle of high electrons was adopted along the cross-section of the nanorod, it can be concluded that the nanorod grows exactly along the ZnO [0001] direction, and well consistent with the above XRD result.
In order to study the role the ZnO seed layer played in selective growth of ZnO nanorods, a morphology and crystal characterization were performed on the ZnO seed layer. Figure 4a and b shows the FE-SEM images of the seed layers prepared by RF sputtering (a) and PLD (b), respectively. Both films have small grains with a diameter ranged from several tens to hundreds nanometer. Figure 4c shows the h-2h XRD patterns of the seed layers. A sharp diffraction peak can be clearly seen at 34.64°for seed layer (b), suggesting the ZnO film prepared by PLD has good crystal quality with a wurtzite structure. Compared with (b), the crystal quality of film (a) is very poor with a very weak diffraction peak. Since both the ZnO nanorods samples were prepared under the same condition in the furnace including the source temperature, the distance between source and substrate and Ar flow; it can be concluded that the crystal quality is a key factor influencing the orientation and the crystal quality of the above ZnO nanorod arrays. Based on the above property of the seed layers and nanorod samples, a possible growth mechanism for ZnO nanorods was proposed. It has long been held that ZnO nanorods always nucleate from the concave tip near the grain boundary between two ZnO film grains [26] , the high-density small grains shown in Fig. 4a and b naturally provide numerous nucleation sites for ZnO growth. For the seed layer with good wurtzite structure, ZnO will adopt the same epitaxial relationship as the seed layer. At the same time, the lateral growth of ZnO is greatly limited while the growth along [0001] direction dominates the whole growth process considering the different growth rate of various growth facets which followed in the order of ½0001 [ ½10 " 11 [ ½10 " 10 [28] . Therefore, well vertical-aligned ZnO nanorods will be obtained on the ZnO template prepared by PLD. As for the template with poor crystal quality, though the preferential growth direction is along [0001] ZnO azimuth, the orientation of the nanorods will be very disordered relative to the substrate at the initial stage because of the randomly distributed grains in the ZnO seed layer. With growth time increasing, adjacent nanorods tend to coalesce into a wider nanorod with larger diameter once these thinner nanorods meet each other at side faces. Thus, though there is no obvious difference between the grain sizes of the two types of the seed layer, the diameter of the nanorods growing on them varies to a great degree. Therefore, the orientation and the diameter of the nanorods are highly dependent on the crystal quality of the underlying ZnO seed layer.
The optical quality of the two types of ZnO nanorods was investigated by PL measurement performed at room temperature using He-Cd laser as excitation source with Figure 5 shows the result of PL spectra. For the ZnO nanorods with disordered orientation, a sharp and strong near-band-edge (NBE) emission can be clearly found at about 3.27 eV attributed to the direct recombination of free excitons from the ZnO nanorod arrays [29] , and a weak emission band occurs in the range of 2.6 to 2.1 eV. As previous literature reports, the green emission is related to the singly ionized oxygen vacancy and the recombination of a photo-generated hole with a singly ionized charge state of the specific defects [30, 31] . The intensity of NBE emission is enhanced for the ZnO nanorods with good vertical orientation, while the deeplevel emission in the lower energy side caused by the defect has been greatly decreased. The high optical quality of the nanorods arrays can be attributed to good crystal quality and the well-orientation growth, well consistent with the above XRD results. The results also indicate the superiority of our method using pure ZnO powder as evaporation source without the introduction of C or Au.
Conclusion
In conclusion, vertically well-aligned 1D ZnO nanorod arrays with high quality have been achieved without any catalyst or C on the ZnO seed layers prepared by PLD. The dependence of the orientation, morphology, crystal quality, and optical quality of the nanorod arrays on the quality of the seed layer is systematically studied by FE-SEM, XRD, HRTEM, and PL analysis. It is found that for the ZnO seed layer with good crystal quality, the nanorods grow exactly along ZnO [0001] direction with perfect wurtzite structure, small diameter (150 nm), and high optical quality. While for the ZnO seed layer with poor crystal quality, the nanorods grow in random directions with weak deep-level emission and wider diameter (about 1.5 lm). This article not only provides an easy and clean way to fabricate large-scale wellaligned ZnO nanorods, but also sheds light on controlling the orientation, diameter, and quality of ZnO nanorods by increasing the crystal quality of ZnO seed layer.
